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The worst known H1N1 influenza pandemic in history resulted in more than 20 million deaths in 1918 and
1919. Although the underlying mechanism causing the extreme virulence of the 1918 influenza virus is still
obscure, our previous functional genomics analyses revealed a correlation between the lethality of the recon-
structed 1918 influenza virus (r1918) in mice and a unique gene expression pattern associated with severe
immune responses in the lungs. Lately, microRNAs have emerged as a class of crucial regulators for gene
expression. To determine whether differential expression of cellular microRNAs plays a role in the host
response to r1918 infection, we compared the lung cellular “microRNAome” of mice infected by r1918 virus
with that of mice infected by a nonlethal seasonal influenza virus, A/Texas/36/91. We found that a group of
microRNAs, including miR-200a and miR-223, were differentially expressed in response to influenza virus
infection and that r1918 and A/Texas/36/91 infection induced distinct microRNA expression profiles. Moreover,
we observed significant enrichment in the number of predicted cellular target mRNAs whose expression was
inversely correlated with the expression of these microRNAs. Intriguingly, gene ontology analysis revealed that
many of these mRNAs play roles in immune response and cell death pathways, which are known to be
associated with the extreme virulence of r1918. This is the first demonstration that cellular gene expression
patterns in influenza virus-infected mice may be attributed in part to microRNA regulation and that such
regulation may be a contributing factor to the extreme virulence of the r1918.

H1N1 influenza A viruses continue to pose serious threats to
public health, as exemplified by the ongoing 2009 H1N1 influ-
enza pandemic. The 1918–1919 H1N1 influenza pandemic was
even deadlier in comparison, causing more than 20 million
deaths worldwide. The keys to unlocking the mystery of the
extreme virulence of the 1918 virus were provided with the
reconstruction of the virus (reconstructed 1918 influenza virus
[r1918]) by reverse genetics (37). The lethality of r1918 has
since been examined in both mouse and macaque models (17,
18). Unlike the nonlethal infections of some other H1N1 in-
fluenza virus strains, such as A/Texas/36/91 (Tx/91) or A/
Kawasaki/173/01 (K173), the r1918 causes severe and lethal
pulmonary disease. We subsequently conducted functional
genomics analyses that revealed that the extreme virulence of
r1918 was correlated with atypical expression of immune re-
sponse-related genes, including massive induction of cellular
genes related to inflammatory response and cell death path-
ways (17, 18). In spite of these findings, the mechanistic basis
for these atypical gene expression patterns remains unknown.

Cellular gene expression is a complicated process and is
subject to regulation by many cellular factors. As a group of

newly identified cellular regulators, microRNAs are known to
regulate the expression of a large number of targets, mainly
cellular genes. Through mRNA degradation or translational
repression of their targets, microRNAs regulate a wide range
of crucial physiologic and pathological processes. For example,
miR-34a acts as a tumor suppressor by inhibiting the expres-
sion of sirt1 (40), whereas miR-21 contributes to myocardial
disease by inhibiting the expression of spry1 (36). By targeting
zeb1/2, the miR-200 family members play roles in maintaining
the epithelial phenotype of cancer cells (27). Furthermore,
Let-7s regulates the expression of hbl-1, which drives the de-
velopmental progression of epidermal stem cells (5). Cellular
microRNAs also play critical roles in virus-host interactions.
The cellular microRNA miR-122 is an indispensable factor in
supporting hepatitis C virus (HCV) replication (16), whereas
miR-196 and miR-296 substantially attenuate viral replication
through type I interferon (IFN)-associated pathways in liver
cells (28). Furthermore, miR-125b and miR-223 directly target
human immunodeficiency virus type 1 (HIV-1) mRNA,
thereby attenuating viral gene expression in resting CD4� T
cells (14), and miR-198 modulates HIV-1 replication indirectly
by repressing the expression of ccnt1 (34), a cellular factor
necessary for HIV-1 replication. More importantly, viruses
may promote their life cycles by modulating the intracellular
environment through actively regulating the expression of mul-
tiple cellular microRNAs. For example, human T-cell lympho-
tropic virus type 1 (HTLV-1) modulates the expression of a
number of cellular microRNAs in order to control T-cell dif-
ferentiation (3). Similarly, human cytomegalovirus (HCMV)
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selectively manipulates the expression of miR-100 and miR-
101 to facilitate its own replication (38). In contrast, the in-
volvement of microRNAs during influenza A virus infection or
pathogenesis is largely unknown.

To determine whether cellular microRNAs play a role in the
host response to influenza virus infection, we performed a
systematic profiling of cellular microRNAs in lung tissues from
mice infected with r1918 or a nonlethal seasonal influenza
virus, Tx/91 (17). We identified a group of microRNAs whose
expression patterns differentiated the host response to r1918
and Tx/91 infection. We assessed the potential functions of
differentially expressed microRNAs by analyzing the predicted
target genes whose expression was inversely correlated with the
expression of these microRNAs. Our report provides a new
perspective on the contribution of microRNAs to the patho-
genesis of lethal 1918 influenza virus infection.

MATERIALS AND METHODS

Viruses. Recombinant influenza A H1N1 virus strains r1918 and Tx/91 were
generated with a reverse genetics system (10). The virus stocks were grown in
Madin-Darby canine kidney (MDCK) cells. The Tx/91 virus (H1N1) has been
characterized previously (37). The sequences of the r1918 genes corresponded to
the published sequence of the influenza A/South Carolina/1/18 (H1N1) virus
hemagglutinin (HA) open reading frame (29) and the influenza A/Brevig Mis-
sion/1/18 (H1N1) virus NA, M, NS, NP, PA, PB1, and PB2 open reading frames
(2, 30, 31, 35). The r1918 contains the 5� and 3� noncoding regions corresponding
to those of influenza virus A/WSN/33 (H1N1).

Mouse experiments. Influenza virus infections in mice were conducted as
described previously (17). All animal work was performed in a specially sepa-
rated negative-pressure HEPA-filtered biosafety level 3 (BSL3) laboratory, with
enhancements. All personnel wore half-body Racal hoods with backpack HEPA-
filtered air supplies (37).

RNA isolation. For total RNA extraction, entire lungs from 3 mice infected by
r1918 or Tx/91 were harvested on days 1, 3, and 5 postinfection (p.i.); entire lungs
from 5 uninfected mice were harvested on days 3 and 5 p.i. Whole mouse lung
tissues were homogenized in buffer RLT (Invitrogen, CA). Total RNAs were
isolated by use of the RNeasy kit (Invitrogen, CA), according to the modified
manufacturer protocol in which buffer RW1 was omitted to ensure the retention
of small RNAs. Small RNA integrity was confirmed by a Bioanalyzer (Agilent
small RNA kits; Agilent Technologies, CA). Ten mock samples from days 3 and
5 were pooled as a common reference.

MicroRNA microarray analysis. MicroRNA expression profiling was carried
out using the Agilent mouse microRNA microarray (Agilent, CA). The
microRNA microarray was designed based on the Sanger miRBase release 10.1 and
contained probes for 567 mouse microRNAs (Agilent design ID 019119). Total
RNA (100 ng) was used for making microRNA probes, according to Agilent’s
protocol. Probes were hybridized at 55°C for 22 h. The slides were then washed
using gene expression wash buffer 1 at 16°C for 5 min and using gene expression
wash buffer 2 at 37°C for 5 min. After being washed, the slides were scanned
using an Agilent slide scanner. Microarray results were extracted using Agilent
Feature Extraction software. The total microRNA signal from the GeneView
result files, which summarized the measurements of all probes for each
microRNA on an array, was used in the analyses. Detection of a microRNA was
based on the “gIsGeneDetected” column. Expression data were normalized
across arrays using a median-centered approach. Differential expression of
microRNAs between two groups of samples was assessed by ANOVA (analysis of
variance). The expression change (fold change) of a microRNA in an r1918-
infected sample compared to that in the time-matched Tx/91-infected sample
was calculated; the fold change of a microRNA in an r1918-infected sample or
a Tx/91-infected sample relative to the time-matched mock sample was also
calculated. A cutoff ANOVA (P � 0.01) and an absolute fold change of �1.5
were used to select the differentially expressed microRNAs.

Quantitative real-time PCR. Quantitative real-time PCR (qRT-PCR) was
used to validate microRNA expression changes. For each microRNA qRT-PCR
assay, the total RNA input used was 10 ng per sample. Reverse transcription was
performed using TaqMan reverse transcription reagents (Applied Biosystems,
CA). The primer and probe sets for qRT-PCR were selected from the Assays-
on-Demand product list (Applied Biosystems, CA). qRT-PCR was performed

using an ABI 7900 real-time PCR system and TaqMan chemistry. Each assay was
run in quadruplicates with TaqMan 2� PCR universal master mix NO AmpErase
UNG (Applied Biosystems, CA) for microRNA detections in a 20-�l total
reaction volume. The relative quantification of a microRNA in the r1918 samples
relative to the time-matched Tx/91 samples was calculated using the equation
2���CT (threshold cycle). Probes used for analysis included mmu-miR-1, mmu-
miR-223, mmu-miR-21, mmu-miR-34a, mmu-miR-30a, mmu-miR-200a, and
mmu-miR-200b (Applied Biosystems).

mRNA microarray analysis. The mRNA microarray experiments were con-
ducted in a previous study (17). The mRNA microarray raw data from the
previous study were reprocessed for a direct comparison of the cellular gene
expression profiles between r1918- and Tx/91-infected lungs using Resolver 7.2
(Rosetta Biosoftware, WA). The gene expression profiles of Tx/91-infected lungs
from 3 animals for each time point were in silico pooled and used as time-
matched references. The cellular gene expressions in lungs from three r1918-
infected animals at a particular time point were compared to those from the
time-matched references to assess relative expression changes. Fold change was
used to indicate the gene expression change upon r1918 infection relative to the
time-matched Tx/91 infection. All primary data are published in accordance with
the proposed microarray experiment (MIAME) standards on the Katze Lab
website (http://viromics.washington.edu).

MicroRNA target database. The identifiers of predicted mouse microRNA
targets were downloaded from the Sanger Institute (http://microrna.sanger.ac.uk
/targets/v5/). To make the gene identifiers in the target database consistent with
the gene identifiers on the Agilent microarray platform, the Ensembl gene IDs in
the Sanger mouse target database were translated into Entrez Gene IDs by
BioMart (http://www.ensembl.org/biomart).

Statistical analysis. To assess the expression patterns of studied microRNAs
and their target genes, the correlation coefficients among the mean values of 310
differentially expressed microRNAs and their target genes at days 1, 3, and 5
were calculated in the R environment (http://www.r-project.org/). The differen-
tially expressed microRNAs between the r1918- and Tx/91-infected samples were
selected by the cutoff ANOVA (P � 0.01) and the absolute fold change of �1.5.
The differentially expressed microRNA target genes between the r1918- and
Tx/91-infected samples were selected by having P values of �0.01 alone. Then,
only the microRNA-target pairs with inversely correlated expression patterns
were selected for further analyses. The probabilities of enrichment of inversely
correlated target by chance were assessed by hypergeometric (HG) tests by
considering the following four factors: the number of genes on the arrays, the
number of targets on the arrays, the number of differentially expressed genes on
the arrays, and the number of inversely correlated targets on the arrays. The
calculation for HG tests was performed in the R environment. An HG test, with
P values of �0.05, was used as the cutoff for statistically significant enrichment.

Bioinformatics analysis. The enrichment of functional categories was assessed
using GeneGo (http://www.GeneGo.com). RNA expression data were analyzed
in the context of known biological functions, regulatory networks, and other
higher-order pathways. GeneGo was used to identify biological functions or
diseases that were the most significant. For all analyses, Fisher’s exact test was
used to determine the probability that each biological function assigned to that
data set was due to chance alone. The Entrez Gene IDs of selected genes at days
1, 3, and 5 are used for the pathway analysis, respectively, with P set at 0.01.

RESULTS

r1918 and Tx/91 induce distinct cellular microRNA expres-
sion patterns in mouse lungs. In a study published in 2006
(17), we reported a correlation between the extreme virulence
of r1918 and an aberrant cellular gene expression profile in the
lungs of infected mice. Compared with pathology observed in
mice infected by the nonlethal influenza virus Tx/91, mice
infected by r1918 exhibited more severe pulmonary lesions
accompanied by excessive lung inflammation. However, we did
not suggest a potential mechanism causing the aberrant gene
expression. During the past few years, microRNAs have
emerged as a group of key regulators of cellular gene expres-
sion. We therefore sought to determine whether gene expres-
sion changes might be influenced by the differential expression
of cellular microRNAs during influenza virus infection. To test
this hypothesis, we made use of archived lung samples from the
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previous study to assess cellular microRNA expression. We
also utilized the gene expression data from the same study to
assess the functional associations of the differentially expressed
cellular microRNAs from the perspective of their differentially
expressed targets.

We started by directly comparing the cellular microRNA
expression profiles present in mouse lung tissues obtained
from r1918- and Tx/91-infected animals on days 1, 3, and 5 p.i.
Among 567 microRNAs present on the arrays, 310 were de-
tected in mouse lung tissues and were included into our anal-
yses (see Table S1 in the supplemental material). In order to
select the microRNAs with differences in abundance upon
r1918 and Tx/91 infections, we adopted a cutoff 1.5-fold change
(P � 0.01) at one or more of three time points. A 1.5-fold
cutoff on microRNA expression changes was used based on
previous microRNA profiling studies, confirming that this dif-
ference can have a significant impact on the biology of cells
(13, 23). The expression patterns of differentially expressed
microRNAs between r1918- and Tx/91-infected lungs relative
to a common reference, a pooled mock sample, are shown
in Fig. 1. Notably, the number of differentially expressed
microRNAs between the two virus-infected samples increased
over time. Twenty-nine microRNAs exhibited differential ex-
pression on day 1 p.i. The number increased to 106 on day 3
and increased further to 132 on day 5. Thus, our data indicate that
the lethal r1918 and nonlethal Tx/91 infections induce distinct
cellular microRNA expression patterns in mouse lungs.

To confirm these results, we measured the relative abun-
dance of a few select microRNAs using TaqMan qRT-PCR
assays. Eight cellular microRNAs with known functions, in-
cluding mmu-miR-34a, mmu-miR-30a, mmu-miR-200a, mmu-
miR-200b, mmu-miR-133a, mmu-miR-21, mmu-miR-1, and
mmu-miR-223, were tested by qRT-PCR. The fold change of a

particular microRNA in the r1918 sample relative to the time-
matched Tx/91 sample was calculated (see Materials and
Methods). The value of the coefficient of determination, R2,
was used to indicate the correlation coefficient among the fold
changes derived from microarrays and from qRT-PCR assays
on the same pair of samples. The calculated R2 value of 0.865
indicates a high correlation coefficient between the results ob-
tained from microRNA microarrays and those obtained from
qRT-PCR (Fig. 1b).

Differences in microRNA expression during r1918 and Tx/91
infections. Among more than 130 cellular microRNAs show-
ing distinct expression patterns between the lethal r1918 and
the nonlethal Tx/91 infections, we focused on 18 microRNAs for
further analyses because of their high abundance in lung tissues
(see Table S1 in the supplemental material). These microRNAs
had different expression patterns between the r1918- and Tx/
91-infected lungs, including directly opposite regulation (up in
one and down in the other), regulation in the same direction
but to differing degrees, or regulation during one infection but
not the other (Fig. 2). For example, miR-193 was strongly
downregulated during r1918 infection, while it was upregulated
during Tx/91 infection. In contrast, miR-709 was strongly up-
regulated during r1918 infection, while it was strongly down-
regulated during Tx/91 infection. miR-223 and miR-21, which
were strongly upregulated in r1918 infection, were moderately
upregulated only upon Tx/91 infection. On the other hand,
while strongly downregulated in r1918 infection, miR-29a and
miR-29b were moderately downregulated only upon Tx/91 in-
fection. Finally, the expression levels of miR-200a, miT-34a,
and miR-30a were downregulated in r1918 infection but were
below the cutoff in Tx/91 infection. Taken together, our data
indicated that some of the most abundantly expressed cellular

FIG. 1. The infections of H1N1 influenza viruses r1918 and Tx/91 induce distinct cellular microRNA expression patterns in mouse lungs. (a)
Distinct cellular microRNA expression patterns in r1918- and Tx/91-infected mouse lungs. The columns correspond to the expression patterns of
differentially expressed microRNAs between r1918- and Tx/91-infected mouse lungs on days 1, 3, and 5. The y axis indicates the number of
differentially expressed microRNAs. The microRNAs satisfied a cutoff ANOVA P value of �0.01 of direct comparison and the absolute fold
change between r1918 and Tx/91 of �1.5. Red represents microRNA with increased expression in r1918- or Tx/91-infected samples, relative to
mock-infected samples. Green represents microRNA with decreased expression in r1918- or Tx/91-infected samples, relative to mock-infected
samples. (b) Correlation coefficient of microRNA expression changes derived from microRNAs arrays and TaqMan qRT-PCR assays. Each spot
represents one microRNA per time point measurement. The x axis represents the fold change in r1918-infected samples relative to Tx/91-infected
samples derived from microRNA arrays. The y axis represents the fold change in r1918-infected samples relative to Tx/91-infected samples derived
from TaqMan qRT-PCR assays. The overall correlation coefficient is represented by the R2 value. A total of 8 microRNAs from the three days
were tested. One spot represents three biological duplicates.
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microRNAs demonstrated distinct expression patterns be-
tween the infections of r1918 and Tx/91 in mouse lungs.

Interestingly, these microRNAs have been implicated in
multiple key functions. MiR-223 and Let-7 have been shown to
be involved in immune responses, and miR-223 is a negative
modulator of neutrophil activation and neutrophil-mediated
killing (16). A decreased expression level of Let-7 is associated
with the activation of NF-�B in response to microbial chal-
lenge (12). Upregulation of miR-21 is closely related to airway
inflammation (21), a symptom of lethal r1918 infection, and
miR-34a is associated with tumorigenesis, as the mutual acti-
vation of MiR-34a and p53 has been shown both in a human
cell line (40) and in patients (24). In addition, a stable expres-
sion of miR-200a is critical in maintaining the phenotype of
epithelial cells (11). Taken together, because these differentially
expressed microRNAs are known to be related to important func-
tions, their differential expression is likely to contribute to physi-
ological changes in lung tissue during r1918 infection.

Expression changes of predicted mRNA targets are in-
versely correlated with the expression changes of their corre-
sponding microRNAs. To better understand the roles of these
18 microRNAs which were differentially expressed between
r1918 and Tx/91 infections, we investigated the functional

associations of the predicted cellular targets potentially reg-
ulated by these microRNAs. As microRNAs predominately
function as repressors of target gene expression, we there-
fore focused only on the targets whose expression was in-
versely correlated with the expression of their correspond-
ing microRNAs. The strategy for selection of inversely correlated
targets is represented in Fig. 3. To make the analysis more
straightforward, we directly compared microRNA and cellular
gene expression between r1918 and Tx/91 infections to assess
expression changes. In the following analyses, an upregulation
means that a microRNA or a cellular gene was expressed more
abundantly during r1918 infection relative to Tx/91 infection,
while a downregulation means that a microRNA or a cellular
gene was expressed less abundantly during r1918 infection
relative to Tx/91 infection.

First, to select the differentially expressed microRNA tar-
gets, we overlaid the miRanda microRNA target database onto
the cellular genes differentially expressed between r1918 and
Tx/91 infections. We chose the miRanda database because the
miRanda algorithm predicts more microRNA targets by scan-
ning the microRNA binding sites in both the 3� untranslated

FIG. 2. A total of 18 microRNAs demonstrate various expression
patterns between r1918-infected and Tx/91-infected lungs. All fold
changes shown here are relative to mock-infected lungs. A red bar
indicates an r1918 infection, and a blue bar indicates a Tx/91 infection.

FIG. 3. Schematic representation of the strategy for assessing the
functional associations of the differentially expressed microRNAs. A
rectangular shape represents the type of microRNA, gene, or pathway.
A diamond shape represents the type of database. An oval shape
represents the type of analysis.
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region (UTR) and the protein-coding region. Then, we se-
lected the predicted targets, whose expression was inversely
correlated with their corresponding microRNAs. Finally, we
evaluated the enrichment of inversely correlated targets using
a hypergeometric (HG) test. If the enrichment of inversely
correlated targets of a particular microRNA was statistically
significant, we analyzed the functional associations of these
targets using GeneGo, a commercial tool for functional anal-
ysis.

Importantly, the enrichment of inversely correlated targets
of all 18 microRNAs was statistically significant (P � 0.05) at
one time point at the least (Table 1). This suggests that the
inverse correlation between a particular microRNA shown in
Table 1 and its targets was not due to chance but was more
likely due to microRNA-mediated regulation. The results ob-
tained from the HG test also indicate an increasing impact
mediated by microRNAs on cellular gene expression while the
infection progressed. On day 1 p.i, only 3 microRNAs had P
values of �0.05 among the 18 microRNAs. The number of
microRNAs increased to 13 and 12 on days 3 and 5, respectively.
Moreover, the HG test results suggested that microRNA-medi-
ated regulation may be time specific. For example, although
miR-223 was upregulated during r1918 infection at all three
time points, only the HG test results from day 1 had a P
of �0.05. These results suggest that miR-223-mediated regu-
lation of gene expression was predominately elicited on day 1,
an early stage of infection. In contrast, although miR-29a was
significantly downregulated in r1918 infection at all three time
points, the HG test results from days 3 and 5, but not day 1,
had P values of �0.05; by inference, miR-29a-mediated regu-
lation on target gene expression occurred predominately at a
later stage of infection. Furthermore, although miR-34a was
downregulated in r1918 infection at all three time points, the
HG test results from only day 3 had a P of �0.05, suggesting
that miR-34a-mediated regulation on gene expression may be
transient. Taken together, our statistical analysis indicates a

significant enrichment of the inversely related targets of 18
highly abundant microRNAs during r1918 infection; these
microRNAs may regulate target gene expression at different
stages of infections.

Inversely correlated microRNA targets are involved in key
functions. To further characterize the roles of these 18 differ-
entially expressed microRNAs during r1918 infection, we in-
terrogated their inversely correlated targets for functional as-
sociations. By using the functional analysis tool GeneGo, we
were able to assign top gene ontology (GO) terms to the
selected microRNAs (Table 2).

GO analysis indicated that many of the inversely correlated
targets could be related to influenza virus pathogenesis. For
example, the inversely correlated targets of four microRNAs
are associated with the immune response. The targets of Let-7f
are associated with lymphocyte-mediated immune response,
while the targets of miR-200a are associated with viral gene
replication and the JAK-STAT signaling pathway, which is
closely related to the type I IFN-mediated innate immune
response. The inversely correlated miR-34a targets are associ-
ated with calcium ion homeostasis, which is critical for immune
cell activation. In addition, the targets of miR-27a are associ-
ated with regulation of the immune response. The inversely
correlated targets of three microRNAs, including miR-652,
miR-27a, and miR-27b, are associated with apoptosis and cell
death. Intriguingly, atypical expression of immune response-
related and cell death-related genes was previously shown to
be related to the extreme virulence of r1918 in mouse and
macaque models of infection (17, 18). Furthermore, the in-
versely correlated targets of miR-223, miR-29a, miR-29b, and
miR-709 are related to cell division and the cell cycle. Finally,
the inversely correlated targets of four microRNAs, including
miR-200b, -30a, -30d, and -429, are associated with the regu-
lation of fever, a key sign of illness during influenza virus
infection. To better understand how specific microRNAs af-
fected these biological functions, we analyzed two related path-
ways comprising their inversely correlated targets.

Type I interferon pathway. Type I IFN plays a key role in the
host immune response to virus infection. Influenza virus trig-
gers the activation of the type I IFN signaling pathway, which
in turn represses virus replication. However, the activation of
IFN also activates the damaging inflammatory response, a con-
tributing factor to the lethal infection of r1918 in vivo. Our
analysis of microRNA targets indicated that the type I IFN
pathway was subject to microRNA-mediated regulation, since
key genes in this pathway, such as IFNAR1 and STAT2, are
direct targets of miR-200a, and their expression was inversely
correlated with the expression of this microRNA (Fig. 4). Our
data suggest that the downregulation of miR-200a in r1918-
infected lungs may induce the upregulation of key genes in the
type I IFN signaling pathway. Indeed, many IFN-stimulated
genes demonstrated increased expression levels in r1918-in-
fected lungs compared with those in the Tx/91-infected lungs
(17, 18).

CREB pathway. The cyclic AMP (cAMP) responsive ele-
ment binding protein, CREB, is a transcription factor that
regulates the expression of hundreds of genes. CREB-null
mice die immediately after birth from respiratory distress (33),
as CREB is involved in critical functions, including T-cell de-
velopment (33) and cell survival (6). The activity of CREB is

TABLE 1. Summary of 18 microRNAs with enrichment of inversely
correlated targets

microRNA

Results obtained ona:

Day 1 Day 3 Day 5

Regulation P valueb Regulation P
valueb Regulation P

valueb

Let-7e * ** D 0.006 D 0.009
Let-7f * ** D ** D 0.012
miR-145 * ** D 0.047 D **
miR-193 D 0.029 D 3.0E–04 D 0.028
miR-200a * ** D 0.017 D 2.0E–04
miR-200b * ** D ** D 0.001
miR-21 * ** U 0.012 U **
miR-223 U 0.028 U ** U **
miR-27a D ** D 0.003 D 0.010
miR-27b D ** D 0.002 D 0.020
miR-29a D ** D 0.010 D 0.002
miR-29b D ** D 0.010 D 8.0E–04
miR-30a * ** D ** D 0.015
miR-30d D ** D 0.032 D 6.0E–04
miR-34a D ** D 0.003 D **
miR-429 * ** D 0.028 D 7.0E–04
miR-652 D ** D 0.009 D **
miR-709 U 0.018 U ** U **

a U, upregulation; D, downregulation; �, Unchanged; ��, P � 0.05.
b Hypergeometric test P values.
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regulated by multiple upstream pathways, including insulin-
like growth factor, Ca2�, and G protein-coupled receptor sig-
naling pathways. Many key genes in the CREB upstream path-
ways are miR-233 targets, and concomitant with the strongly
increased expression of miR-233 in r1918-infected lungs, the
miR-223 targets in the CREB upstream pathways were signif-
icantly downregulated (Fig. 5). Our data therefore suggest that
upregulation of miR-223 may repress the activity of CREB.

Taken together, our study reveals that influenza virus infec-
tion induces changes in the cellular microRNAome and that
unique patterns of differential expression of microRNAs may
contribute to the extreme virulence of r1918 influenza virus
infection by regulating the expression of cellular targets involv-
ing immune response and other critical cellular functions.

DISCUSSION

Potential mechanisms utilized by r1918 to regulate cellular
microRNA expression. In this study, we identified microRNAs

that were differentially expressed during lethal r1918 and non-
lethal Tx/91 virus infections. Interestingly, 15 out of 18 abun-
dantly expressed microRNAs were expressed at significantly
lower levels during r1918 infection relative to infection with
Tx/91. Because microRNA biogenesis is a complicated process
and involves many cellular molecules, the abundance of
cellular microRNAs can be regulated at multiple levels dur-
ing influenza virus infection (Fig. 6). In particular, cellular
microRNAs are predominately transcribed by RNA poly-
merase II (19), whose stability is compromised by the poly-
merase complex of influenza A viruses (32). In this regard, the
viral polymerase complex is a major determinant of the patho-
genicity of the 1918 pandemic virus (39). An elevated degra-
dation of RNA polymerase II by the r1918 polymerase com-
plex may in turn result in a decreased transcription of cellular
microRNA genes, accounting for the overall reduced expres-
sion levels in the cellular microRNAome we observed in this
study. Notably, although the titer of r1918 was higher than that
of Tx/91 at each time point (17), the difference in viral titer

TABLE 2. Summary of functional associations of 18 microRNAs

microRNA
No. of inversely correlated targetsa No. of

profiled
targets

GO pathway(s)
Day 1 Day 3 Day 5

let-7e * 167 143 584 Response to long exposure to lithium ion
Skeletal muscle fiber adaptation

let-7f * * 138 557 Immune response
Lymphocyte-mediated immunity

miR-145 * 152 * 561 Cardiac muscle contraction
Mitochondrial transport

miR-193 104 145 121 485 Establishment of localization in cell
Blood circulation

miR-200a * 159 162 596 JAK-STAT cascade
Viral genome replication

miR-200b * * 161 612 Regulation of fever
Positive regulation of prostaglandin biosynthetic process

miR-21 * 139 * 467 Protein homotetramerization
miR-223 124 * * 470 Cell division
miR-27a * 154 137 546 Cell death

Vascular process in circulatory system
Regulation of immune response

miR-27b * 154 136 542 Intracellular signaling cascade
Cell death
Vascular process in circulatory system

miR-29a * 184 173 676 Cell cycle
DNA recombination
DNA damage response
Signal transduction

miR-29b * 170 163 628 Cell cycle
DNA recombination
Extracellular matrix organization

miR-30a * * 142 598 Positive regulation of fever response to lithium ion
Muscle thin filament assembly

miR-30d * 150 144 569 Muscle thin filament assembly
Positive regulation of fever
Response to lithium ion

miR-34a * 181 * 653 Calcium ion homeostasis
miR-429 * 142 142 535 Regulation of fever

Regulation of cellular component organization
Positive regulation of prostaglandin biosynthetic process

miR-652 * 140 * 504 Induction of apoptosis by intracellular signals
Regulation of molecular function

miR-709 177 * * 688 Spindle organization
Cell cycle phase

a �, hypergeometric test P value 	 0.05.
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remained constant, whereas the number of microRNAs that
were differentially expressed between the two infections in-
creased steadily over time (Fig. 1a). This finding suggests that
differences in virus replication levels are insufficient to account
for the distinct microRNA expression patterns elicited by the
two viruses. Nonetheless, we cannot completely rule out that
virus replication rates may, in small part, play a role in the
regulation we observed. The r1918 may also decrease the sta-
bility of pre-microRNA, the microRNA precursor, by the cap-
snatching mechanism (4). Furthermore, the export of pre-
microRNA may be repressed due to competition for Ran-GTP
from the NS2 protein of influenza virus (25). Influenza virus
may also downregulate cellular microRNA expression by re-
pressing the expression of Dicer (22), one of the most impor-
tant components in the microRNA biogenesis machinery (Fig.
6, bottom).

Relationship between cellular microRNAs and viral patho-
genesis. MicroRNAs are potent gene expression regulators
and are expressed in a variety of organisms. Although viral
microRNA genes have been discovered in some viruses, in-
cluding herpesviruses and human immunodeficiency virus type
1 (HIV-1) (7, 26), no influenza virus-encoded microRNA has

been identified yet. From the perspective of influenza virus,
alteration of cellular microRNA expression may be a critically
important component of the virus-host interaction. Indeed, as
a single microRNA may regulate the expression of hundreds of
cellular genes, it may be more efficient for viruses to regulate
the expression of a large number of cellular genes through a
single microRNA rather than to regulate cellular gene expres-
sion directly. Also, influenza A virus is known for its ability to
repress cellular gene expression at the posttranscriptional level
by the cap-snatching mechanism (8). Alteration of the expres-
sion of cellular microRNAs may therefore provide a supple-
mentary mechanism for influenza virus to regulate cellular
gene expression. Compared to the cap-snatching mechanism,
the microRNA mechanism is more selective, allowing for more
directed regulation of cellular gene expression.

In this study, we observed three distinct microRNA expres-
sion patterns between the r1918- and the Tx/91-infected lungs
compared with those of the mock-infected lungs. For example,
miR-21 was upregulated in both infections but more strongly
during r1918 infection. This indicates that miR-21 expression
can be altered during influenza virus infection, irrespective of
the lethality of the virus. It also suggests that regulating cellular

FIG. 4. miR-200a is implicated in the type I interferon signaling
pathway. (Top) Type I interferon signaling pathway comprised of miR-
200a targets; (bottom) expression changes of miR-200a and its targets
associated with the type I interferon pathway in r1918-infected sam-
ples. Red represents microRNA or targets that have increased expres-
sion in r1918-infected samples, relative to Tx/91-infected samples.
Green represents microRNA or targets that have decreased expression
in r1918-infected samples, relative to Tx/91-infected samples.

FIG. 5. miR-223 is implicated in the CREB signaling pathway.
(Top) CREB pathway comprised of miR-223 targets; (bottom) expres-
sion changes of miR-223 and its targets associated with the CREB
pathway in r1918-infected samples. Red represents microRNA or tar-
gets that have increased expression in r1918-infected samples, relative
to Tx/91-infected samples. Green represents microRNA or targets that
have decreased expression in r1918-infected samples, relative to Tx/
91-infected samples.
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microRNA expression may be a common activity among dif-
ferent influenza viruses; however, the pathogenic capacity of
the viruses may eventually be determined by the expression
pattern of a specific microRNA or a group of microRNAs.

Role of cellular microRNAs in the host immune response.
From the perspective of the host, thwarting influenza virus
infection requires a tightly controlled antiviral immune re-
sponse, as the response can have inherently damaging side
effects. On one hand, the host antiviral immune response
needs to be activated in order to abate virus infection. On the
other hand, the immune response cannot be overly activated,
which otherwise may result in a cytokine storm, severe tissue
damage, and even death. Thus, the host antiviral immune re-
sponse needs to be precisely regulated (1, 17), as an aberrant
induction will lead to devastating consequences. A precise ac-
tivation of antiviral immunity requires delicate regulation from
the host, which may involve a number of cellular microRNAs.
As the expression of a cellular mRNA is usually regulated by
multiple microRNAs, it can be fine-tuned to the optimal level
by various combinations of microRNAs (9). Changes in cellu-
lar microRNA expression during r1918 influenza virus infec-
tion will essentially disrupt the fine-tuning mechanism of the
host in controlling antiviral immunity, resulting in a lethal
infection.

In this study, we identified a potential role for miR-200a in
regulating the immune response. Previously, miR-200a was
known only for regulating the epithelial-to-mesenchymal tran-
sition by targeting zeb1 and sip1 (27). In r1918-infected mice,

we not only found inversely correlated expression of miR-200a
and sip1 but also found evidence implicating miR-200a in the
type I IFN response. The aberrant activation of the type I IFN
pathway during r1918 infection may contribute to an uncon-
strained inflammatory response (17, 18). Most significantly, we
found increased expression of miR-200a target genes in the
type I IFN pathway, including IFN-
 receptors and STAT2/4.
The upregulation of these cellular genes, owing to the down-
regulation of miR-200a, may induce profound effects during
infection. As these genes are located at the upstream end of
the IFN signaling cascade, a moderate expression change could
be exponentially amplified at the downstream end of the cas-
cade. As transcription factors, STAT2/4 are able to regulate
the expression of a large number of IFN-stimulated genes
(ISGs). An increase in the expression of STAT2/4 caused by
the downregulation of miR-200a may induce an overwhelming
increase of ISG expression. In line with our observations, mas-
sive induction of ISG expression has been observed in mice
and macaques infected with the r1918 (17, 18).

In addition to directly regulating the expression of transcrip-
tion factors, microRNAs may also impose indirect regulation.
For instance, miR-223 may indirectly repress the activity of the
transcription factor CREB by regulating its upstream path-
ways. In this study, we demonstrated that miR-223 may down-
regulate CREB activity by repressing three such upstream
pathways, namely the IGF-1 receptor, Ca2� channel, and
GPCR pathways. In addition, miR-223 also repressed the ex-
pression of crucial intermediate molecules in these pathways,

FIG. 6. The r1918 might potentially regulate the cellular microRNA expression at multiple levels.
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such as PI3K, PP2A, and PKA (Fig. 5). One critical function of
CREB is maintaining cell survival and growth in vivo (20).
Indirect repression of CREB activity by miR-223 would be
expected to result in increased cell death, which is a signature
of lethal r1918 infection in vivo (17, 18).

Future studies should focus on verifying the roles of
microRNAs in contributing to the lethality of the r1918. As our
data have for the first time laid out the correlation between
expression of 18 microRNAs and r1918 pathogenesis, artificial
manipulation of the expression of some cellular microRNAs by
microRNA mimics or antagomirs would help identify the
microRNAs responsible for the extreme virulence of the r1918.
As the targets in the miRanda database were computationally
identified, the microRNA-target regulatory relationships im-
plicated in lethal r1918 infection in this study should be further
validated experimentally in future studies. More importantly,
the contribution of individual microRNAs to viral pathogene-
sis should be examined in vivo. For example, the recently pro-
duced miR-223-deficient mouse is a prime candidate to be
used for evaluating the role of miR-223 during r1918 infection
(15).

In this report, we implicated cellular microRNAs in the
regulation of the host immune response during r1918 influenza
virus infection. As the relationship between microRNA expres-
sion and r1918 pathogenicity has not been previously ad-
dressed, our findings provide a deeper understanding of the
mechanisms underlying lethal influenza virus infection and
may open new venues for in-depth studies of the influenza
virus pathogenicity. As our data show, even without a virus-
encoded microRNA, an RNA virus can utilize cellular
microRNAs to manipulate cellular gene expression, a likely com-
mon scenario for RNA viruses. Therefore, microRNA profiling
should be extended to studying other highly pathogenic RNA
viruses. Finally, the results obtained from this study may even-
tually lead to the discovery of cellular targets for novel thera-
pies against lethal influenza virus infection.
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